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Abstract

This study investigates the behaviour of Compressed Earth Cylinders (CECs) and Com-
pressed Earth Blocks (CEBs) during direct compression tests and examines the influence of
aspect ratio and the effects of platen restraint. The experimental investigation utilises two
soil types and examines the impact of jute fibre reinforcement on the failure mechanism
of CECs with aspect ratios ranging from 0.50 to 2.00. Through experimental analysis and
numerical modelling, the effects of platen restraint are examined, and a novel hypothesis
of intersecting cones is presented. The results show that specimens with a lower aspect
ratio exhibited higher compressive strength due to confinement caused by platen restraint.
Moreover, this research has derived new aspect ratio correction factors that enable con-
version from Apparent Compressive Strength (ACS) to Unconfined Compressive Strength
(UCS) of unstabilised and fibre-reinforced CECs. The experimental results indicate that the
derived conversion factor of 0.861 allows for the prediction of CEB strength from CEC spec-
imens with an accuracy of 2.7%. Furthermore, the addition of jute fibres at a 0.25% dosage
increased the Apparent Compressive Strength across all aspect ratios. The outcome of this
research recommends a standard approach to the application of aspect ratio correction
factors when interpreting and reporting the compressive strength of CECs and CEBs.

Keywords: natural fibre reinforced compressed earth composites; aspect ratio correction
factors; platen restraint; hypothesis of intersecting cones; numerical modelling; influence of
jute fibre reinforcement

1. Introduction
As a result of the growing demand for affordable and eco-friendly building materi-

als [1], earth construction is increasingly becoming the subject of research and development,
with a particular focus on Compressed Earth Cylinders (CECs) [2–10] and Compressed
Earth Blocks (CEBs) [11–18]. Several previous experimental investigations on compressed
earth have highlighted the necessity for standard production and testing techniques to
guarantee that performance can be assessed and reported consistently and reliably [1,19,20].
To date, the absence of internationally recognised standard production and test methods,
as well as limited scientific understanding, has caused inconsistencies in the measurement
and reporting of engineering properties, such as compressive strength. Specifically, there
are currently no European (EN) or British (BS) standards associated with the production
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and testing of CECs or CEBs. This paper addresses this critical gap by developing a stan-
dardised approach to manufacturing and providing novel aspect ratio correction factors
for unstabilised and fibre-reinforced earth composites.

1.1. Existing Test Methods and the Importance of Aspect Ratio

For most load-bearing construction materials, the measure of compressive strength
serves as a fundamental indicator of quality and performance. To determine the com-
pressive strength of a specimen, three main laboratory test methods are used in existing
literature, as illustrated in Figure 1. These include the direct compression test, the Interna-
tional Union of Laboratories and Experts in Construction Materials, Systems and Structures
(RILEM) methodology suggested by the RILEM Technical Committee 164 [21], and indirect
tests which rely on known empirical relationships, such as the 3-point bending test [22].
Within existing literature, the direct compression test is by far the most common method of
determining the compressive strength of a CEB or CEC [11–18,23].

Figure 1. Illustration of the direct compression test (A), the RILEM 164 method (B), and indirect testing (C).

Numerous parameters are known to influence the compressive strength of CECs
and CEBs, including the material composition, curing conditions, moisture content, dry
density, and the compaction effort applied during manufacture [24–27]. However, if all
of the aforementioned properties are identical, the compressive strength of a CEC or a
CEB is influenced by its geometry, size, and aspect ratio [19,28,29]. Aspect ratio is a
geometric characteristic defined by the height of a test specimen divided by its smallest
lateral dimension [30]. During a direct compression test, the strength of a specimen will
be influenced by its aspect ratio due to the phenomena of platen restraint, also known as
platen confinement [19,29,31,32].

When conducting a direct compression test, the specimen is subjected to loading in
the same direction that would be experienced within a wall. As the load is applied, the
specimen will experience lateral expansion as a consequence of Poisson’s ratio effect [18].
The friction generated between the surfaces of the test sample and the platens of the test
machine will restrain and limit lateral expansion near the ends of the test specimen, creating
a conical or pyramidal confined zone as illustrated in Figure 2. The limitation of lateral
expansion causes shear stresses within the sample, which, when acting in combination
with the uniaxial compression, result in a delay to the failure and give the impression of an
enhanced compressive strength [3,33]. This is also known as the Apparent Compressive
Strength (ACS). The influence of platen restraint is directly related to the aspect ratio of a
test specimen, whereby samples with a lower aspect ratio yield a higher ACS [3,33].

Within existing literature, several studies [33–42] have investigated the influence
of platen restraint on the performance of concrete test specimens. During experimental
analysis, the effect of confinement is commonly observed through the presence of conical
or pyramidal crack patterns. In specimens tested to failure, relatively undamaged cones
or pyramids in the centre of test samples are frequently reported [43]. The undamaged
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cones or pyramids make it possible to visualise the internal fractures and failure plane
within a test sample. When testing concrete cylinders, the height of the undamaged cone is
½d

√
3 (where d is the lateral dimension of the specimen) [44]. As a result, the failure plane

is commonly considered to be at an angle of 60◦ from the horizontal.

Figure 2. Illustration of Confinement caused by Platen Restraint at various aspect ratios: (A) = 1,
(B) = 1.5 and (C) = 2.

Unconfined Compressive Strength (UCS) is a measure of the maximum amount of
compressive stress a material can withstand when subjected to loading without any lateral
support or confinement. It is an important measure of material performance [45–47] and a
key design parameter that is applied when calculating the capacity of earth structures [48,49].
The UCS is obtained by testing samples with an aspect ratio whereby part of the sample is
free from the effects of platen restraint, as illustrated in Figure 2C [50].

1.2. Effect of Aspect Ratio on Compressed Earth Blocks

Within past studies, the size and aspect ratio of CEBs vary significantly, as demon-
strated in Table 1. The most common size is reported to be 295 mm (L) × 140 mm
(W) × 90 mm (H), which results in an aspect ratio of 0.64 [19,26]. Although there is
significant variation in the aspect ratio of test samples, the effect of platen restraint is
frequently overlooked or inadequately considered when undertaking compressive strength
tests, making it difficult to truly compare results from different studies. This oversight
may be attributed to the absence of internationally accepted standard procedures for the
production and testing of CEBs.

Table 1. Common Dimensions of Compressed Earth Blocks, adapted from [3].

Block Dimensions (mm) Aspect Ratio
(H/W) Reference

Length (L) Width (W) Height (H)

295 140 125 0.89 [51]
305 143 105 0.73 [52,53]
290 140 100 0.71 [53]
300 140 100 0.71 [54]
300 150 100 0.67 [55]
295 140 90 0.64 [19]
300 150 95 0.63 [29]
203 191 121 0.63 [56]
295 145 90 0.62 [54]
305 152 89 0.59 [57]
320 150 80 0.53 [58]

https://doi.org/10.3390/fib14010013

https://doi.org/10.3390/fib14010013


Fibers 2026, 14, 13 4 of 30

While there are no European Standards (EN) or British Standards (BS) to regulate
the production or testing of CECs or CEBs, there is technical guidance originating from
New Zealand [30,47–49,59,60], Australia [45,46], Spain [61], Brazil [62], and India [63].
New Zealand Standard (NZS) 4298:1998 (Part A4.3) [47] provides correction factors for a
wide range (0.4 to 5.0). The more recent NZS 4298:2020 (Part E2.4) [30] does cover the full
range of aspect ratios in its scope, but the table of aspect ratio factors (Table E.1) [30] only
provides values for the range of 1.0 to 2.0, which excludes the majority of CEBs reported in
the literature (0.5 to 0.9, see Table 1). These standards outline the theoretical correlation
between the characteristic compressive strength and the unconfined compressive strength
of stabilised pressed bricks, as shown in Equation (1) [64].

f’
c×ka=f’

uc (1)

where

fc = Characteristic compressive strength (ACS) of a sample
ka = Aspect ratio correction factor
f’uc = Unconfined compressive strength (UCS) of a sample

A table of aspect ratio correction factors is published within NZS 4298:1998 [47], which
allows the conversion of ACS to UCS, provided the aspect ratio is between 0.4 and 5.0.
These correction factors originate from Krefeld [64], who performed research on fired clay
masonry units. NZS 4298:1998 was recently withdrawn and replaced by NZS 4298:2020 [30].
The aspect ratio factors (ka) within the latest standard [30] are significantly different from
those of its predecessor, as shown in Figure 3. The reason for this change is unknown.

Figure 3. Existing aspect ratio correction factors (NZS 4298:1998 vs. NZS 4298:2020).

The factors within the latest standard [30] only address aspect ratios ranging from
1.0 to 2.0, which do not account for most CEBs documented in the existing literature. This
is a fundamental and noteworthy limitation of the latest standard. NZS 4298:2020 requires
specimens to be fully cured and tested at a minimum of 28 days, which suggests the
correction factors are only applicable to stabilised compressed earth. As such, there are no

https://doi.org/10.3390/fib14010013

https://doi.org/10.3390/fib14010013


Fibers 2026, 14, 13 5 of 30

aspect ratio correction factors specifically for unstabilised or fibre-reinforced CEBs, which
is a significant gap in existing research.

1.3. Effect of Aspect Ratio on Compressed Earth Cylinders

It is widely recognised that the UCS of a sample is attained when testing samples with
an aspect ratio greater than or equal to 2.0 [3,33,50,64–69]. Consequently, samples with
an aspect ratio of 2.0 are commonly employed to evaluate the UCS of different materials,
including concrete [67–70], rock core samples [71], soil-lime composites [72], soil-cement
composites [66], and undisturbed cohesive soils [73]. Nevertheless, cylindrical samples of
alternative proportions are often encountered. Existing research into the effect of platen
restraint on cylindrical specimens has resulted in the publication of different aspect ratio
correct factors for different materials, as detailed in Table 2. However, there are no aspect
ratio correction factors for unstabilised or fibre-reinforced CECs, which is a significant gap
in existing research.

Table 2. Aspect ratio correction factors for cylindrical test samples obtained from [3,52].

Material Diameter
(mm)

Aspect Ratio
(H/D)

Correction
Factor Reference

Rammed Earth
150 2.00 -

[65]100 2.00 -
105 1.10 0.70

Soil-Cement Cylinders 71.1 2.00 -
[66]101.6 1.15 0.91

ASTM: Cylindrical
Concrete Specimens 150

1.80 -

[67]
1.75 0.98
1.50 0.96
1.25 0.93
1.00 0.87

ASTM: Concrete Core Samples ≥94

1.80 -

[68]
1.75 0.98
1.50 0.96
1.25 0.93
1.00 0.87

British Standards Institution:
Concrete Core Samples 75

2.00 -
[69]1.00 0.82

A recent study by the authors investigated the influence of aspect ratio on the com-
pressive strength of unstabilised Compressed Earth Cylinders [3]. The results of the study
found that small-scale unstabilised CECs with an aspect ratio of 2.0 could be used to
determine the UCS of the material, and small-scale CECs with an aspect ratio between
0.50 and 0.75 could be used to predict the compressive strength of CEBs with an aspect
ratio of 0.67. The findings indicated that aspect ratio correction factors may depend on
several parameters, including soil constituents, dry density, and relative strength. As a
consequence, the application of generic correction factors should be used with caution. The
conclusion of the previous study highlighted the need for further investigation into aspect
ratio correction factors for fibre-reinforced compressed earth mixes.

1.4. Knowledge Gap

After examining the current aspect ratio correction factors within existing literature,
several significant gaps in knowledge were identified, including the following:

• Existing aspect ratio correction factors for compressed Earth Blocks are based on
results obtained from fired brick masonry [64] and soilcrete blocks [19]. However,
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there are no aspect ratio correction factors available for unstabilised or fibre-reinforced
compressed earth blocks.

• Current aspect ratio correction factors published within NZS 4298:2020 [30] only
address aspect ratios ranging from 1.0 to 2.0, which do not account for the majority of
compressed Earth Blocks documented in the existing literature, which appear to be
between 0.5 and 0.9.

• Unlike other building materials, there are no aspect ratio correction factors for unsta-
bilised or fibre-reinforced Compressed Earth Cylinders.

• Blocks and cylinders have been used in the existing literature to assess the mechanical
properties of compressed earth composites. However, the relationship between blocks
and cylinders remains ambiguous.

In recent years, there has been an increased focus on the use of natural fibre reinforce-
ment within compressed earth to enhance mechanical properties and reduce the reliance
on chemical stabilisers, such as Portland Cement [4,7,53,74–76]. The motivation to reduce
or eliminate the use of chemical stabilisers is driven by the need to develop a truly en-
vironmentally friendly, sustainable, and affordable building material. For this reason, a
standardised approach to manufacturing and testing unstabilised and fibre-reinforced com-
pressed earth composites is essential. To achieve this, the development of specific aspect
ratio correction factors for unstabilised and fibre-reinforced compressed earth composites
is required.

The purpose of this study is to develop knowledge and understanding of the influence
of aspect ratio on the compressive strength of unstabilised and fibre-reinforced CECs.
The study aims to provide novel aspect ratio correction factors to enable conversion from
Apparent Compressive Strength (ACS) to Unconfined Compressive Strength (UCS) of CECs.
It also seeks to develop a theoretical relationship to estimate the compressive strength of
CEBs. The outcome of this research encourages a standard approach to the application of
aspect ratio correction factors when interpreting and reporting the compressive strength of
CECs and CEBs.

2. Materials and Methods
2.1. Preparation and Classification of Materials
2.1.1. Soil Properties

In this experimental investigation, two soil types were utilised. Soil A was a combi-
nation of Kent Brick Earth (KBE) sourced from Kent (southeast of England, UK), with the
addition of 20% (by weight) washed marine dredged sand with a non-uniform particle size.
Soil B was a subsoil, obtained from Hampshire (south of England), that complied with the
requirements of BS 8601:2013 [77].

A sieve analysis was carried out following the requirements of BS1377-2:2022, Part
10 [78] to determine the particle size distribution of each soil. Additional analysis of
the fine fractions, i.e., the clay and silt content, was performed using a laser diffraction
particle size analyser [79]. Other material properties were determined, as per BS1377-
2:2022 [78], including Maximum Dry Density (MDD), Optimum Moisture Content (OMC),
Liquid Limit (LL), and Plastic Limit (PL). The soils were classified as per the Unified Soil
Classification System (USCS) [24]. Soil A and Soil B demonstrated significantly different
properties, as shown in Table 3, with the most notable differences in the MDD and the
PSD. Soil B demonstrated a high sand content, which exceeded the recommended limit
for compressed earth mix designs [80]; however, the relatively high clay content provided
sufficient adhesion during the manufacture of test samples.
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Table 3. Properties of Kent Brick Earth and British Standard BS8601 Subsoil [3].

Properties

Soil Type

Soil A:
Kent Brick Earth
with Marine Sand

Soil B:
BS 8601 Subsoil

Proctor Test
Optimum Moisture Content (%) 13.6 17.5
Maximum Dry Density (kg/m3) 1900 1680
Atterberg Limits
Liquid Limit LL (%) 26.3 33.7
Plastic Limit PL (%) 15.3 25.9
Soil Classification
Unified Soil Classification System CL ML
Particle Size Distribution
Gravel (>2.0 mm) (%) 0.0 0.0
Sand (2.0–0.063 mm) (%) 38.8 68.0
Silt (0.063–0.002 mm) (%) 50.1 15.0
Clay (<0.002 mm) (%) 11.1 17.0

2.1.2. Fibre Properties

Jute was utilised as the natural fibre reinforcement due to its affordability [81],
widespread availability, high tensile strength, and low density [82–85]. The mechani-
cal properties of jute can differ, depending on the species of jute, the age of the plant,
the location and conditions in which it was grown, and the method in which it was pro-
cessed [83]. To minimise the potential variation, one source of jute cultivated in Bangladesh
was used throughout the study. The jute was sourced as natural Jute Yarn (JY), also known
as twine, and was cut into set lengths of 20 mm ± 2 mm for incorporation in jute-reinforced
CECs and CEBs. Figure 4 shows Scanning Electron Microscope (SEM) images of the jute
yarn to identify fibre size and morphology. The SEM images reveal the complex bundle
structure of the bast fibres, which contributes to the mechanical interlocking mechanism.

Figure 4. The SEM images of jute fibres used in the study.

The mechanical properties of the JY were established during a previous experimental
investigation conducted by the authors [4], as summarised in Table 4.
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Table 4. Average Properties of Jute Yarn [4].

Property: Value:

Number of Bast Fibre Bundles Per Yarn 119
Density (kg/m3) 1122
Cross-Sectional Area (mm2) 0.2
Tensile Strength (N/mm2) 248
Natural Moisture Content Under Ambient Conditions
(20 ◦C, 58% Relative Humidity) 13

Time to Reach Fibre Saturation (Minutes) 50
Moisture Absorption at Saturation (%) 205
Cross-Sectional Swelling at Saturation (%) 19

2.2. Manufacture of Test Specimens
2.2.1. Mix Design

Four mix designs were investigated as part of this study, as shown in Table 5. Mix
designs containing Soil A (BE—Brick Earth and FRBE—Fibre Reinforced Brick Earth) were
manufactured with 13.6% water content and mix designs containing Soil B (SS—Sub Soil
and FRSS—Fibre-Reinforced Sub Soil) were manufactured with 17.5% water content. The
water content was based on the optimum moisture content of each soil type at maximum
dry density, determined as per BS 1377-2:2022, Part 11.3 [78]. The maximum dry density
of each soil type was used to calculate the quantity of material, also known as dosage,
required for the manufacture of each specimen [29]. Jute fibre reinforcement was added
to the mix designs FRBE and FRSS, comprising 20 mm ± 2 mm fibres at 0.25% content
by weight. The fibre length and fibre quantity were selected based on recommendations
outlined in existing research [86–88]. The jute fibre was added to the mix with its natural
moisture content, i.e., it was not dried or soaked before mixing, as per the recommendations
of a previous study [4].

Table 5. Mix design sample references and dimensions.

Sample
Dimensions Illustration Aspect

Ratio *

Mix Design Sample Reference

BE FRBE SS FRSS

Kent Brick
Earth

Fibre-
Reinforced
Kent Brick
Earth

BS8601 Subsoil
Fibre-
Reinforced
BS8601 Subsoil

150 mm (L) × 75 mm (W)
× 50 mm (H) 0.67 BE-CEB FRBE-CEB SS-CEB FRSS-CEB

21.8 mm (H) × 43.6 mm (ø) 0.50 BE-0.50 FRBE-0.50 SS-0.50 FRSS-0.50

32.7 mm (H) × 43.6 mm (ø) 0.75 BE-0.75 FRBE-0.75 SS-0.75 FRSS-0.75

43.6 mm (H) × 43.6 mm (ø) 1.00 BE-1.00 FRBE-1.00 SS-1.00 FRSS-1.00

65.4 mm (H) × 43.6 mm (ø) 1.50 BE-1.50 FRBE-1.50 SS-1.50 FRSS-1.50

87.2 mm (H) × 43.6 mm (ø) 2.00 BE-2.00 FRBE-2.00 SS-2.00 FRSS-2.00

* Aspect Ratio = Height/Smallest Lateral Dimension (Width of Block or Diameter of Cylinder).

2.2.2. Production Methodology

To assess the influence of aspect ratio, a collection of CECs and CEBs was manufactured
and tested, as detailed in Table 5. To provide a comparison with the cylindrical test samples,
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3 CEBs were manufactured per mix design with a target aspect ratio of 0.67. This specific
geometry (150 mm (L), 75 mm (W), 50 mm (H) was chosen as it represents the half-scale
CEB size used in prior research by the authors, known as the UoP-HSB [4], and yields an
aspect ratio (0.67) that is highly representative of the most common dimensions reported in
existing literature (0.64 to 0.73, see Table 1). A total of 25 CECs were manufactured per mix
design, allowing 5 replicates for each aspect ratio.

The mixing procedure for the Fibre-Reinforced mixes (FRBE and FRSS) was carefully
designed to ensure uniform dispersion of the 20 mm jute fibres and actively mitigate
clumping. The process began by first manually dry-blending the weighed jute yarn with
a portion of the KBE-sand mix for 2 min to achieve preliminary fibre separation. This
fibre/soil pre-blend was then introduced to the wet mixture in the pan mixer. To overcome
the inherent tendency of hydrophilic jute fibres to aggregate, the composite was mixed
for 10 min until a visibly uniform distribution was achieved. This prolonged duration
served two primary purposes: it effectively minimised fibre clumping prior to compression
and allowed the fibres to reach moisture equilibrium with the soil matrix. By ensuring
the jute was fully equilibrated, the fibres were prevented from absorbing water during the
compaction phase, a process that would otherwise reduce the effective moisture content
and inadvertently increase the required compaction effort.

The CECs and CEBs were manufactured following the detailed methodology previ-
ously developed by the authors at the University of Portsmouth [3,23]. Bespoke equipment
was used to manufacture the compressed earth composites, as illustrated in Figure 5.
During manufacture, all specimens were compressed using a universal testing machine
(Zwick/Roell Z250) [89] at a constant rate of 20 mm/minute until the target specimen
height was attained. This displacement-controlled method of manufacture ensured a con-
sistent sample size and final dry density but meant that the compaction pressure could be
varied. The compaction pressure was monitored and recorded throughout the production
of test samples.

Figure 5. Illustration of equipment used to manufacture CECs (A), photo of CEC samples (B),
illustration of equipment used to manufacture CEBs (C), illustration of CEB (D) [3,23].

2.2.3. Sample Drying

To simulate natural drying conditions experienced in hot countries, the samples were
dried in a Genlab MINO/100 oven [90] at 30 ◦C. Using the protocol outlined in BS 1377-
2:2022 [78], the samples were re-weighed until a constant weight was observed +/− 0.01 g,
signifying that the samples had achieved hygrothermal equilibrium. The cylinders and
blocks reached hygrothermal equilibrium after 4 and 6 days, respectively. Before testing,
samples were reweighed and remeasured to evaluate the amount of shrinkage throughout
the drying process.

2.3. Destructive Testing

Destructive testing was performed under controlled quasi-static loading conditions
across both CEC and CEB samples. It is important to note that there are no current European
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Standards (EN) or British Standards (BS) associated with the production and testing of
CECs or CEBs. While the New Zealand Standard for Materials and Workmanship For
Earth Buildings [30] provides guidance for the testing of CEBs, it does not guide the testing
of CECs. As a result, British Standard and Eurocodes for concrete and masonry testing
were followed in this study. Several previous investigations have also adopted these test
standards for testing earthen building materials [29,53,74,80,91,92].

2.3.1. Compression Test of Compressed Earth Cylinders

A universal testing machine (Zwick/Roell Z250) [89] was utilised to perform compres-
sion tests on the CEC test specimens, according to BS EN 12390-3:2019 [43]. The dimensions
of the test samples, including size and aspect ratio, were different from those stated in
the test standard [81]. The load was applied at a constant rate of 0.05 MPa/s until the
sample failed, following the requirements of Section 7.2 of BS EN 12390-3:2019 [43]. This
low, constant rate ensured that all compression testing was performed under quasi-static
loading conditions, minimising the influence of inertial effects on the measured compres-
sive strength. The Zwick/Roell Z250 is equipped with gauges that were used to measure
and record the load and deformation. The failure load was recorded, and the maximum
compressed strength was determined following Section 8 of BS EN 12390-3:2019 [43].

2.3.2. Compression Test of Compressed Earth Blocks

A universal testing machine (Zwick/Roell Z250) [89] was utilised to perform com-
pression tests on the CEB test specimens, according to BS EN 772-1 [93]. As in the CEC
tests, this rate maintains quasi-static loading conditions to ensure accurate determination
of the maximum compressive stress. To achieve even loading, 10 mm steel plates were
placed on both the top and bottom of the test sample. The load was applied at a constant
rate of 0.05 MPa/s until the sample failed, following the requirements of Table 2 in BS
EN 772-1 [93]. The Zwick/Roell Z250 is equipped with gauges that were used to measure
and record the load and deformation. The failure load was recorded, and the maximum
compressive stress was determined following Section 9 of BS EN 772-1 [93].

2.4. Numerical Modelling

Finite Element Analysis (FEA) software, ANSYS Workbench 2024R1 [94], was used
to examine the stress concentrations within the cylindrical test samples and provide a
comparison with the results obtained from the experimental analysis.

The models were created to replicate the size and aspect ratio of the cylindrical
specimens tested in the experimental analysis, and the geometry was created using ANSYS
SpaceClaim 3D [95]. The platens of the test machine were modelled to simulate the
influence of platen restraint. The contact between the platens and the CEC was modelled
as a frictional contact with a coefficient of friction of 0.2, as recommended in an existing
study [96]. The loading rate was modelled to replicate the conditions experienced during
testing, as detailed in Section 2.3. The analysis settings were assigned in the static structural
analysis system.

The material properties were informed directly by the average experimental stress/strain
relationship for each mix, as per the example in Figure 6. This data was tabulated and
input into a Solid65 element command created by the authors [29]. The Solid65 element,
selected due to its proven success in modelling masonry and concrete failure [29,97–102].
Where possible, the results obtained from the experimental analysis were used to inform the
material properties. However, the value of Poisson’s ratio (0.2) was obtained from existing
literature [97,103–106]. While certain secondary parameters, such as Poisson’s ratio, were
adopted from established literature, the primary non-linear material properties were directly
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calibrated using the average experimental stress–strain data for each specific mix. This ensured
that the FEA results remained representative of the physical samples tested.

Figure 6. Stress–Strain curve obtained from testing (A), simplified stress–strain curve used in FEA (B).
Example dataset from compression testing of FRBE-2.00.

The analysis settings were assigned in the static structural analysis system. Loading
was applied incrementally to track the full non-linear behaviour up to failure. Convergence
was controlled using the Newton–Raphson method, with a Tolerance Limit for Force
Convergence set to 0.005 to ensure stability and accuracy throughout the descent phase
of the stress–strain curve. A mesh size of 5.0 mm by 5.0 mm was utilised, which was
determined following a thorough sequence of sensitivity analysis to provide a final balance
between computational time and model accuracy. The choice of a 5.0 mm mesh was the
result of a thorough mesh sensitivity analysis, where different element sizes were evaluated
to ensure that stress concentrations were accurately captured without numerical instability.

2.5. Hypothesis of Intersecting Cones

As part of this study, a novel predictive model is proposed to define the theoretical
relationship between the aspect ratio of a Compressed Earth Cylinder (CEC) and its Ap-
parent Compressive Strength (ACS). While the formation of conical confined zones is a
recognised principle in cementitious and soil mechanics, this research presents an original
‘Hypothesis of Intersecting Cones’ as a geometric framework for strength prediction. This
model utilises the specific geometry of undamaged cones and the degree of confined region
overlap to calculate the ACS for specimens with aspect ratios ranging from 0.5 to 2.0. By in-
tegrating the failure plane angle (α) and the degree of intersection, the hypothesis provides
a more rigorous mathematical approach to existing theories surrounding platen restraint.
This concept builds upon observations made in past studies [33,43] and provides a more
rigorous approach to existing theories surrounding platen restraint and the formation of
undamaged cones.

The hypothesis, illustrated in Figure 7, considers the stress developed in the middle of a
cylinder (H/2) normal to the direction of loading. Area A1 represents the unconfined region
within the sample, while area A2 represents the confined region where the undamaged
cones intersect. These areas are calculated based on the aspect ratio of the specimen and
the geometry of the undamaged cone, which is dependent on the angle of the failure plane
(α). The maximum force in the unconfined zone (F1) is calculated by multiplying A1 by the
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Unconfined Compressed Stress (UCS) of the sample. The maximum force in the confined
zone (F2) is calculated by multiplying A2 by the UCS, which is modified by a coefficient
of confinement (k). The sum of the F1 and F2 is then divided by the area of the sample,
which provides the ACS of a sample. The hypothesis of intersecting cones is presented in
Equations (2) and (2a–e).

Figure 7. Hypothesis of Intersecting Cones.

Apparent Compressive Strength (MPa) =
(

F1 + F2

A

)
, (2)

F1 = σUCS × A1, (2a)

A1 = A − A2, (2b)

F2 = σUCS × k × A2 , (2c)

A2 = π × R2, (2d)

R =

(
(tan (α)× r)−

(
H
2

))
tan (α)

, NOTE : R ≥ 0 (2e)

where

σUCS = Unconfined Compressive Stress (MPa)
k = Coefficient of Confinement, where

• BE and SS: k = 6.5
• FRBE and FRSS: k = 12.0

A = Surface Area, π × r2 (mm2)
H = Height of Cylinder (mm)
r = Radius of Cylinder (mm)
α = Angle of the Failure Plane (◦), where

• BE and SS: α = 11 × AR + 42.25
• FRBE and FRSS: α = 13.595 × AR + 37.416

AR = Aspect Ratio (Height / Diameter) of a Cylindrical Specimen

The angle of the failure plane (α) was measured during experimental analysis. Once
the unreinforced BE and SS cylinders had been tested, damaged material fell away from
the specimen, revealing the relatively undamaged cone within the centre of the samples.
The fractured specimens were photographed and examined to determine the geometry of
the undamaged cones and the angle of the failure plane.
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Once the reinforced FRBE and FRSS cylinders had been tested, the samples remained
intact due to the presence of fibre reinforcement. Because of this, Computed Tomography
(CT) scans were performed using an XT H 225 CT Scanner (NIKON Corporation, Tokyo,
Japan) [107] to enable non-destructive visualisation of the internal crack formations and
measurement of failure planes (α) within the cylindrical samples. Scans were performed at
120 kV, using a 1 mm copper filter and a Molybdenum target metal. A total of 3600 images
were taken per scan. A total of 5 scans were performed for each mix design (1 scan per
aspect ratio).

3. Results
3.1. Compressed Earth Cylinders
3.1.1. Properties of Compressed Earth Cylinders

Due to the importance of controlling the aspect ratio, the dimensions of the specimens
were checked and recorded throughout the manufacture of the CECs. Once dried, the
samples remained with ±1.5% of the target aspect ratio, as presented in Table 6. This level
of accuracy was achieved by displacement-controlled compaction (also known as variable
peak stress-constant stroke compaction), as opposed to force-controlled (also known as
constant peak stress-variable stroke compaction) [108]. The average dry density closely
resembled the maximum dry density of each soil type, as shown in Tables 3 and 6. This
was achieved through accurate measurement of material dosage and method of production.
Samples that contained fibre reinforcement demonstrated a lower dry density compared to
those without. This is due to the relatively low-density fibre occupying volume within the
sample that would have otherwise been filled with the relatively high-density soil. This
observation is consistent with existing literature [4,55,92,109].

Table 6. Aspect Ratio and Dry Density of Compressed Earth Cylinders.

Sample Reference
Aspect Ratio (Target vs. Actual) Dry Density

(kg/m3)0.50 0.75 1.00 1.50 2.00

BE 0.50 0.76 1.01 1.52 2.02 1926 ± 18
FRBE 0.50 0.76 1.01 1.52 2.02 1911 ± 13
SS 0.50 0.76 1.00 1.51 2.01 1718 ± 22
FRSS 0.50 0.76 1.02 1.53 2.02 1685 ± 28

Average (mean) value ± standard deviation n = 25 (Dry Density).

The incorporation of natural fibre reinforcement in compressed earth is known to
reduce linear shrinkage [25,53] due to the interlocking behaviour of the fibre, which holds
the soil particles together and resists deformation during the drying process. On average,
BE and FRBE specimens exhibited 0.41% and 0.27% linear shrinkage, while SS and FRSS
exhibited 0.78% and 0.42%, respectively. It was found that specimens containing Kent Brick
Earth demonstrated less shrinkage compared to those containing BS8601 Subsoil, which is
due to the different quantities and characteristics of the clay minerals within each soil type.
The incorporation of JY into FRSS and FRBE samples reduced the amount of shrinkage
by 53% and 65%, respectively, demonstrating the effectiveness of jute fibre in reducing
linear shrinkage.

The displacement-controlled compaction method produces specimens with consistent
final dry density, which is essential for comparable mechanical testing. This consistency
is achieved despite the variation in the compaction pressure required during the process,
as the method prioritises the final dry density over constant pressure. A positive linear
relationship between compaction pressure and aspect ratio was observed, as presented in
Figure 8. As the aspect ratio increases, the volume of material being compacted per unit
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area also increases. Consequently, more force is needed to compress the larger volume
of material, leading to a greater compaction effort required to achieve samples of the
same density.

Figure 8. Peak compaction pressure during the manufacture of CEC samples vs. aspect ratio. Data
for Kent Brick Earth (BE), Fibre-Reinforced Kent Brick Earth (FRBE), BS8601 Subsoil (SS), and Fibre-
Reinforced BS8601 Subsoil (FRSS) are shown separately. Error bars represent standard deviation.

Figure 8 also shows that samples containing jute reinforcement required greater
compaction pressure compared to those without. It is likely that, during static compaction,
the presence of fibres resists and encumbers the densification of soil particles, which
consequently requires greater compaction effort to achieve samples of equivalent density.
Furthermore, due to the hydrophilic nature of JY [83,110,111], dry fibres may absorb water
when added to the wet mix, reducing the overall free water content of the soil. A reduction
in the moisture content is known to increase the compaction effort required due to the
increased friction and lack of lubrication between soil particles [108].

3.1.2. Aspect Ratio vs. Compressive Strength

The results of the compressive strength tests are presented in Figure 9. As shown,
specimens containing Soil A (Kent Brick Earth) exhibited a greater compressive strength
compared to those containing Soil B (BS8601 Subsoil). This difference can be attributed to
several factors, including the distinct soil constituents and the variation in the sand, silt, and
clay content. The particle size distribution of Soil A closely adhered to the recommended
limits [80], whereas Soil B exhibited a greater deviation from the specified ranges and
contained a high proportion of sand. Furthermore, Soil A demonstrated a higher dry
density, which is known to correlate with increased compressive strength [24,25].

The test results demonstrate a clear correlation between aspect ratio and compressive
strength, indicating that a lower aspect ratio results in a higher compressive strength. This
evidence supports the theory that, as the aspect ratio is reduced, a greater proportion of
the specimen is confined by the effects of platen restraint, which increases the resistance to
compressive forces and delays failure. This finding aligns with existing studies on aspect
ratio effects [6,19,28,29,112] and demonstrates the significant influence of platen restraint.
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Figure 9. Compressive Strength vs. Aspect Ratio of CECs: Comparison of Experimental Results
and Asymptotic Regression Models. Datapoints show the average (mean) value obtained from
experimental analysis. Error bars show ± standard deviation (n = 5).

Comparing SS with FRSS and BE with FRBE, results show that the addition of jute
fibre reinforcement increases the Apparent Compressive Strength at each aspect ratio.
This improvement is attributed to the interfacial bonding between the fibre and the soil
matrix, which is primarily driven by mechanical interlock and friction. These mechanisms
enhance the material’s ability to transfer stress and resist crack propagation. This finding
is consistent with past studies [4,53,80], which have shown that the addition of natural
fibre reinforcement may increase the strength of compressive earth due to the mechanical
interlock between the fibre and the soil matrix, which enhances the material’s ability to
transfer stress and resist crack propagation. The majority of samples containing fibre
reinforcement demonstrated a large variation in compressive stress, compared to those
without fibre. This may be caused by the random distribution and orientation of fibres
within the sample.

The results show that, within fibre-reinforced samples, there is a disproportionately
large increase in compressive strength in samples with a low aspect ratio. This may be
caused by the interaction of the fibre reinforcement within the confined zone of influence,
resulting in increased resistance to lateral expansion, culminating in a further delay to
compressive failure. Crucially, the statistical analysis in Section 3.1.3 confirms that, for low
aspect ratios, the effect of fibre addition is statistically significant, allowing its influence to
be separated from the soil type in this range.

Previous research [3,25] has suggested that the relationship between aspect ratio and
compressive strength follows a second-order [25] polynomial trendline. Within this study,
regression analysis was performed using Minitab 17.3.1 [113], which identified asymptotic
trendlines to provide a better fit than second-order polynomials. The asymptotic regression
model characterises constrained growth, where Y approaches a horizontal asymptote as X
tends to infinity. The models presented in this paper, shown in Equations (3)–(6), enable
the approximate calculation of ACS for a cylindrical sample with an aspect ratio between
0.5 and 2.0. While interpolation between data points is permitted, extrapolation beyond the
dataset should be avoided. While the asymptotic regression models provide high predictive
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accuracy (R2 > 0.999) within the experimental range, they are inherently empirical. The
danger of extrapolation beyond AR = 2.0 or below AR = 0.5 lies in the potential shift in
failure mechanisms, such as buckling or pure triaxial confinement, that these mathematical
fits do not account for. To mitigate this risk, these models were cross validated against
the mechanistic Hypothesis of Intersecting Cones. The strong correlation between the two
(R2 = 0.9969) confirms that the regression trends are physically grounded in the mechanics
of platen restraint rather than being mere mathematical artefacts.

SS : σ = 1.73199 + 13.5161e−3.14827·AR, (3)

FRSS : σ = 2.45568 + 35.5377e−3.47423·AR, (4)

BE : σ = 2.08629 + 14.4971e−2.5532·AR, (5)

FRBE : σ = 3.12234 + 42.1963e−3.43333·AR, (6)

During compression testing of the BE and SS samples, conical fractures were observed
on the surfaces of the specimens. As the test continued and reached peak stress, damaged
material fell away from the specimen, revealing a relatively undamaged cone within the
centre of the samples, as shown in Figure 10. Once the unreinforced BE and SS cylinders
had been tested, the fractured specimens were photographed and examined to determine
the geometry of the undamaged cones and the angle of the failure plane (α). In BE-2.00 and
SS-2.00 specimens, the failure plane was found to be approximately 65◦ from the horizontal.
It was found that samples with a lower aspect ratio exhibited a lower angle.

 
Figure 10. Photos showing the failure of cylindrical samples at different aspect ratios. Illustrations of
satisfactory failure modes obtained from BS EN 12390-3:2019 [45].

During compression testing of the FRBE and FRSS samples, similar conical fractures
were observed on the surfaces of the specimens. However, due to the presence of fibre
reinforcement, the samples remained intact once the peak stress had been reached. Gener-
ally, the samples containing fibre reinforcement exhibited ductile failure and demonstrated
residual strength once the peak stress had been surpassed. This behaviour has been doc-
umented in previous studies [4,53,114,115] regarding fibre-reinforced compressed earth.
Upon loading the test specimens, it was possible to see the influence of the fibres bridging
the gaps between the cracks and voids, Figure 11. Similar observations have been reported
in existing literature [7,116,117].

Computed Tomography (CT) scans were performed to visualise the internal crack
formations and measure the angle of the failure plane (α) within the fibre-reinforced
samples, as shown in Figure 12A. At aspect ratios 2.00 and 1.50, the reinforced specimens
(FRBE and FRSS) demonstrated similar failure planes to the unreinforced specimens (BE
and SS). However, the reinforced specimens with a low aspect ratio (1.00, 0.75 and 0.50)
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exhibited a progressively lower angle of failure compared to the unreinforced specimens, as
shown in Figure 12C. For both the unreinforced and reinforced specimens, the relationship
between the angle of the failure plane (α) and the aspect ratio was found to be linear
with a high coefficient of determination (R2); however, the reinforced specimens exhibited
a steeper positive gradient. The steeper failure plane observed in reinforced samples
is attributed to the fibres increasing the effective internal friction angle of the composite.
Additionally, the fibres bridge micro-cracks during the initial loading phase, resisting lateral
expansion and forcing the shear failure to occur at a more vertical orientation. This finding
demonstrates that the addition of fibre reinforcement influences the angle at which the
failure plane develops, which is likely due to the increased resistance to lateral deformation
caused by the fibre’s ability to transfer stress and resist crack propagation. In samples with
a low aspect ratio, the effects of confinement caused by platen restraint are compounded
by the influence of fibre reinforcement, resulting in a disproportionately large increase in
Apparent Compressive Strength.

Figure 11. SEM Images Showing Jute Fibre Bridging the Gap Between the Cracks.

Figure 12. Computed Tomography Scans showing Internal Fractures (A), Finite Element Analysis
showing Stress Concentrations at Maximum Principal Stress (B), and Angle of Failure Plane vs.
Aspect Ratio (C).

Existing research into concrete [44] suggests that the undamaged cone forms at a
constant height of ½d

√
3 (where d is the lateral dimension of the specimen). This implies

that the angle of the failure plane (α) is at 60◦ from the horizontal, regardless of the
specimen’s aspect ratio. However, the findings from this study demonstrate that, in
compressed earth composites, the angle of the failure plane changes depending on the
aspect ratio of the specimen, which is an important finding.
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Finite Element Analysis (FEA) was also used to model the cylindrical test specimens
and examine the internal stress concentrations. The maximum stress and strain derived
from the numerical modelling provided satisfactory correspondence with the results ob-
tained from the experimental analysis. Furthermore, the internal stress concentrations
observed in the modelling align with the failure planes observed in CT scans, as presented
in Figure 12B.

This demonstrates that a frictional contact condition can be used within FEA software
to replicate the influence of platen restraint. The satisfactory correspondence between the
numerical predictions and experimental failure modes validates the adopted assumptions,
confirming that the frictional contact and material properties accurately represent the platen
restraint effects.

The equations presented in Figure 12C enable the angle of the failure plane (α) to be cal-
culated for any given aspect ratio between 0.50 and 2.00. These equations were incorporated
into the hypothesis of intersecting cones presented in Section 2.5 (Equations (2) and (2a–e))
to predict the ACS of the Compressed Earth Cylinders. The coefficients of confinement
(k) were determined through an iterative sequence of curve fitting and were found to be
6.5 for BE and SS samples and 12.0 for FRBE and FRSS samples. The theory of intersecting
cones provided a strong correlation with the results obtained from experimental analysis,
as presented in Figure 13.

Figure 13. Compressive Strength vs. Aspect Ratio of CECs: Comparison of Experimental Results
and Hypothesis of Intersecting Cones. Datapoints show the average (mean) value obtained from
experimental analysis. Error bars show ± standard deviation (n = 5).

In Figure 14, the results obtained from the experimental analysis are compared with
the predicted values obtained from the asymptotic regression models (Figure 14A) and
the hypothesis of intersecting cones (Figure 14B). The findings show that the models are
similar and both exhibit a strong correlation with the experimental results. The asymp-
totic regression models show a slight improvement in the coefficient of determination
(R2 = 0.9993), highlighting this as the most accurate method. Nevertheless, the hypothesis
of intersecting cones also demonstrates a strong correlation with the experimental results

https://doi.org/10.3390/fib14010013

https://doi.org/10.3390/fib14010013


Fibers 2026, 14, 13 19 of 30

(R2 = 0.9969), which validates the proposed hypothesis. The aspect ratio correction factors
derived in the following section are based on the asymptotic regression models due to their
increased accuracy and simplicity over the hypothesis of intersecting cones.

Figure 14. Mean Compressive Strength from Experimental Analysis vs. Predicted Compressive
Strength from Asymptotic Regression Models (A) and Hypothesis of Intersecting Cones (B).

3.1.3. Aspect Ratio Correction Factors

It is widely recognised that the UCS of a cylindrical sample is obtained when testing
specimens with an aspect ratio greater than or equal to 2.0 [3,33,64–66,69]. Therefore, the
results presented in Figure 9 can be normalised to obtain aspect ratio correction factors (ka)
by dividing the UCS by the ACS of each mix design, as shown in Equation (7).

ka =
Unconfined Compressive Strength
Apparent Compressive Strength

, (7)

where

Unconfined Compressive Strength: The mean compressive strength of CEC at aspect
ratio = 2.00
Apparent Compressive Strength: The mean compressive strength of CEC at an aspect ratio
of <2.00

Using Equation (7), all of the results were converted to correction factors and pre-
sented in Figure 15. Statistical analysis (ANOVA with Tukey’s pairwise comparison) was
performed using Minitab 17.3.1 [113] to assess the statistical significance of the correction
factors. This test was specifically employed to separate the potential confounding influ-
ences of the soil type and the fibre reinforcement. The mix design (BE, SS, FRBE, and FRSS)
was considered as the independent variable to determine if the soil constituents and/or
fibre reinforcement influenced the correction factors. The results of the statistical analysis
are presented in Table 7, whereby there are two categories of statistical significance (A and
B). Results that are in the same category, i.e., share the same letter, are not significantly
different at p-value < 0.05 (5%). The results of the statistical analysis for each aspect ratio
should be interpreted independently.

As presented in Table 7, there was no statistically significant difference between SS and
BE or FRSS and FRBE samples. This indicates that, in terms of the aspect ratio correction
factors, soil type does not significantly confound the results. Conversely, the addition of
fibre reinforcement did result in statistically significant differences at low aspect ratios (0.50,
0.75, and 1.00), confirming the fibre’s distinct influence within the confined zone. This
may be due to the interaction between the fibre reinforcement and the confined zone, as
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discussed in Section 3.1.2. Furthermore, it is important to note that the findings presented in
this study are based on two different soil types (A and B, see Table 3). Due to the inherited
variability of the regional and local soils, results may differ and, therefore, additional testing
should be conducted to support broader applications.

 

Figure 15. Correction factor vs. aspect ratio of BE and SS specimens (A), FRBE and FRSS speci-
mens (B), and comparison with existing correction factors (C). References: stabilised compressed
Earth Blocks [47], stabilised compressed earth blocks [30], rammed earth cylinders [65], concrete
cylinders [69] and concrete cylinders [67].

Table 7. Statistical analysis of correction factors using soil-specific identifiers (A: Soil A; B: Soil
B). Columns sharing the same letter within an aspect ratio row are not significantly different
(p-value < 0.05, 5%), ensuring direct correlation between statistical performance and the physical
soil matrix.

Aspect Ratio
Sample Reference

SS BE FRSS FRBE

0.50 A A B B
0.75 A A B B
1.00 A A B B
1.50 A A A A
2.00 A A A A

Figure 15 shows the aspect ratio correction factors determined in this study, which
are represented by asymptotic trendlines to illustrate the best fit. Following the results of
the statistical analysis, the BE and SS datasets were combined, and the FRBE and FRSS
datasets were combined to generate an average asymptotic trendline for each. Figure 15A
presents the combined trendline “SS and BE Average”, which may be considered as the
correction factor for unstabilised CECs. Figure 15B presents the combined trendline “FRSS
and FRBE Average”, which may be considered as the correction factor for fibre-reinforced
CECs. Figure 15C shows a comparison of the aspect ratio correction factors determined in
this study with aspect ratio correction factors obtained from existing literature for different
materials [30,47,67,69]. The correction factors determined in this study are within the region
bounded by existing literature for rammed earth [65] and concrete cylinders [69].

The correction factors outlined in Figure 15 are of significant importance, as they
provide a detailed understanding of the influence of platen restraint on unreinforced and
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fibre-reinforced Compressed Earth Cylinders. Furthermore, the correction factors outlined
in Equations (8) and (9) enable the conversion between ACS and UCS for cylindrical
samples with an aspect ratio ranging from 0.5 to 2.0.

SS and BE Average : ka = 1.07026 − 1.49637e−1.49429·AR (8)

FRSS and FRBE Average : ka = 1.08955 − 1.65186e−1.41397·AR, (9)

The Root Mean Square Error (RMSE) is calculated using the following general formula,
which measures the average magnitude of the errors between the predicted values (ŷi:)
and the observed values (yi:).

RMSE =

√
∑N

i=1(ŷi − yi)
2

N
, (10)

where

RMSE = Root Mean Square Error.
N = The total number of data points used in the fitting process.
yi = The actual or observed value of the Correction Factor (ka) for a specific Aspect
Ratio (ARi).
ŷi = The predicted value of the Correction Factor (ka) for the same Aspect Ratio (ARi),
calculated using the fitted equation (SS and BE Average equation).

SS and BE Average Fit, using Equation (8)

RMSESS & BE =

√
∑N

i=1((1.07026 − 1.49637e−1.49429×ARi)− ka,i)
2

N
, (11)

RMSESS & BE= 0.0039.

FRSS and FRBE Average Fit, using Equation (9)

RMSEFRSS & FRBE =

√
∑N

i=1((1.08955 − 1.65186e−1.41397×ARi)− ka,i)
2

N
, (12)

RMSEFRSS & FRBE= 0.0038.

The RMSE values of 0.0039 (SS and BE Average Fit) and 0FRSS and FRBE and FRBE
Average Fit) quantify the outstanding quality of the exponential fits. These numbers are
extremely small, especially when compared to the range of the Correction Factor (ka)
shown on the y-axis (from 0.2 to 1.0) in Figure 14. An RMSE value this low confirms the
initial observation from that the fitted curves lie exceptionally close to the actual underlying
data points. Furthermore, the accompanying Coefficient of Determination (R2 = 0.999)
indicates that over 99.9% of the variation in the correction factor is successfully explained
by the Aspect Ratio model. Collectively, these statistics demonstrate that the mathematical
equations provide a highly accurate and robust representation of the data.

The correction factors determined are of significant engineering importance. By
allowing the conversion of Apparent Compressive Strength measured on small or non-
standard specimens (e.g., AR = 0.5) to Unconfined Compressive Strength (AR = 2.0), they
provide engineers with a standardised, true measure of material performance. This UCS
value is a key design parameter applied when calculating the capacity and stability of
earth structures. The distinction between the aspect ratio correction factor for unreinforced
and fibre-reinforced composites prevents overestimation of strength in design, ensuring
structural safety and integrity.
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3.2. Compressed Earth Blocks
Properties of Compressed Earth Blocks

The CEBs were manufactured using the UoP-HSB mould and followed the same
displacement-controlled method of manufacture that was employed for the CECs. This
ensures the specimens maintain a consistent size and density. The compaction pressure
required to manufacture the samples ranged from 2.50 to 4.11 MPa, which was on average
17% less than the pressure required to manufacture a cylindrical sample of equivalent
aspect ratio. This variation may be caused by differences in mould geometry, boundary
effects, and frictional resistance.

The aspect ratio, dry density, and mean compressive failure stress for each sample are
summarised in Table 8. Much like the CEC samples, CEBs produced from Soil A (Kent
Brick Earth) exhibited greater compressive strength in comparison to those produced from
Soil B (BS8601 Subsoil). Furthermore, the addition of jute fibre reinforcement also provided
a significant increase in the Apparent Compressive Strength. The high reliability of the
reported mean strengths is confirmed by the low average Coefficient of Variation (CoV) of
approximately 6.1% across the four mixes. Despite a sample size of n = 3 for the CEBs, this
statistical consistency suggests that the mean values are robust indicators of the material’s
performance and supports the validity of the derived 0.861 conversion factor. Physically,
the specimens exhibited diagonal fracture patterns during compression testing, mirroring
the failure modes observed in the CEC samples.

Table 8. Properties of Compressed Earth Blocks.

Sample Reference Aspect Ratio Dry Density
(kg/m3)

Compressive Failure
Stress (MPa)

BE 0.63 1951.9 ± 15.4 5.53 ± 0.33
FRBE 0.62 ± 0.01 1934.0 ± 14.2 9.64 ± 0.74
SS 0.64 1701.3 ± 10.3 4.19 ± 0.21
FRSS 0.65 1658.3 ± 8.8 7.87 ± 0.46

Average (mean) value ± standard deviation, whereby n = 3.

The graph presented in Figure 16 provides an enlarged depiction of the data shown in
Figure 9, with a particular focus on the aspect ratio of the CEC samples ranging from 0.50 to
0.60. The mean compressive strength of each CEB is presented in Figure 16, whereby a hori-
zontal line has been plotted to determine the point of intersection with the corresponding
CEC curve.

As shown in Figure 16, the compressive strength of the CEBs corresponds with the
compressive strength of the CECs at an aspect ratio of between 0.54 and 0.56, with an
average of 0.546. A conversion factor of 0.861 can be determined by dividing this value
by the aspect ratio of the CEBs, as presented in Equation (10). The correction factor
of 0.861 is similar to the relationship between the strength of concrete cylinders and
concrete cubes [32].

x = z · 0.861, (13)

where

x = Aspect Ratio of Compressed Earth Cylinder
z = Aspect Ratio of Compressed Earth Block

Equation (13) establishes a mechanical relationship between the two specimen shapes,
equating their strength performance rather than merely correlating their physical dimen-
sions. This conversion factor of 0.861 indicates that the ACS of a CEB can be reliably
predicted from a CEC specimen, provided the specific geometric performance relationship
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is maintained. This correlation is particularly significant as the findings suggest the factor
is insensitive to the differences between the two soil types and the presence of fibre rein-
forcement, reinforcing its validity as a measure of material performance. In contrast to an
existing study [3], this finding suggests that a conversion factor is required to correlate the
aspect ratio and strength of CEBs to the aspect ratio and strength of CECs. The conversion
factor of 0.861 is applicable to each mix design and enables the CECs to predict the ACS of
CEBs with an accuracy of 2.7%. This discovery suggests that, based on the experimental
scope of this study, the conversion factor is insensitive to the difference between the two
distinct soil types (Soil A/BE and Soil B/SS) and the presence of fibre reinforcement. While
the sample size for CEBs was limited to n = 3 per mix, the observed CoV (6.1%) is well
within acceptable limits for earth masonry, and the resulting 2.7% accuracy across diverse
mix designs indicates that the 0.861 factor successfully captures the specimen-shape effect.

Figure 16. Mean compressive strength of CECs and CEBs vs. aspect ratio. Each line represents
the statistically validated Mean Regression Model for the CECs, which exhibited a Coefficient
of Determination (R2) greater than 0.999 and an RMSE of <0.0039. The horizontal line for each
CEB represents its measured mean strength, used to determine the point of intersection for the
conversion factor.

It must be noted that the conversion factor of 0.861 is applicable only to the size, aspect
ratio, and four specific mix designs (BE, FRBE, SS, and FRSS) investigated in this study. It
is recommended that further tests be performed on CECs and CEBs with different aspect
ratios and mix designs to validate the applicability of the conversion factors and correction
factors across broader parameters. It is also recognised that the Apparent Compressive
Strength of a CEB is influenced by its geometric features, such as the existence of vertical
holes, openings, frogs, and interlocking design [26]. It must be noted that the aspect ratio
findings in this study are based on solid CEBs and, therefore, further research is required
to identify correction factors of other CEB designs. However, the correlation allows for
predicting the ACS of a CEB at AR approx. 0.67 from the tested strength of a small-scale
CEC. This ability is crucial as it enables the use of simpler, smaller, and more cost-effective
cylindrical specimens for routine testing and quality control, which drastically reduces
material and production time. Furthermore, this relationship is a critical step toward
developing standardised conversion factors that can simplify testing requirements for earth
building materials, particularly in resource-limited settings.
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4. Conclusions
The results of this investigation demonstrate the influence of aspect ratio and the

effects of platen restraint on the compressive strength of unstabilised and fibre-reinforced
Compressed Earth Cylinders (CECs) and Compressed Earth Blocks (CEBs). The main
findings from this study are as follows:

• Specimens with a lower aspect ratio displayed higher compressive strength due to
confinement caused by platen restraint. The addition of jute fibre reinforcement was
found to increase the Apparent Compressive Strength at each aspect ratio. In samples
with a low aspect ratio, the effects of confinement caused by platen restraint are
compounded by the influence of fibre reinforcement, resulting in a disproportionately
large increase in Apparent Compressive Strength.

• Novel aspect ratio correction factors are derived from the experimental data to enable
the conversion between the Unconfined Compressive Strength (UCS) and Apparent
Compressive Strength (ACS) of unstabilised and fibre-reinforced CECs. This directly
supports standard structural design practices by providing the true material strength
necessary for the capacity calculation. Further, statistical analysis suggests that soil
type may not significantly influence aspect ratio correction factors. However, the
addition of fibre reinforcement was found to statistically influence the aspect ratio
correction factors of samples with low aspect ratios (0.50, 0.75, and 1.00).

• Computed Tomography (CT) scans were performed to visualise the fibre distribution
and internal crack formations following compression testing. The observations suggest
that the aspect ratio and the addition of fibre reinforcement (an independent variable
in the statistical analysis) may influence the internal crack formation and the angle at
which the shear failure plane is developed, influencing the ACS of the material.

• Finite Element Analysis (FEA) was successfully used to model Compressed Earth
Cylinders at different aspect ratios to examine the internal stress concentrations. Fric-
tional contact between the test specimen and platens of the test machine was modelled
using a frictional coefficient of 0.2, which was found to accurately replicate the influ-
ence of platen restraint.

• A novel method for calculating the Apparent Compressive Strength (ACS) of CECs
with an aspect ratio ranging from 0.5 to 2.0 is presented, utilising an original hypothesis
of intersecting cones. The predicted values demonstrate a strong correlation with the
experimental results, which validates the proposed hypothesis as a viable method, but
it is a slightly lesser predictor than the asymptotic model.

• The relationship between CECs and CEBs was assessed, and a conversion factor of
0.861 was determined. This conversion factor enabled the CECs to predict the ACS
of CEBs with an accuracy of 2.7%. The conversion factor was applicable to each mix
design, which suggests that, for the two soil types investigated, the conversion factor is
insensitive to the difference between the soil types or the presence of fibre reinforcement.

• It is important to note that the limits of the regression-based models presented in this
study are strictly validated for the range of aspect ratios and specific jute-reinforced
mixes investigated. Because these are empirical models, their application to different
soil classes or significantly different geometries requires further validation to avoid
the risks associated with mechanical extrapolation.

• The aspect ratio correction factors derived in this study (Equation (9)) are validated
for low-dosage jute reinforcement (0.25%, 20 mm) under specific quasi-static and
drying conditions (30 ◦C). Higher fibre dosages may alter the “cone of confinement”
by increasing matrix porosity.

Since soil mineralogy significantly dictates cohesion and friction, the correction factors
derived in this study require broader validation across diverse soil classes before being
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adopted as a universal standard. As this research evaluated only two distinct soil types,
additional testing is recommended to account for the inherent variability of regional soils
and to support broader engineering applications. Furthermore, this study encourages a
standard approach to the application of aspect ratio correction factors and highlights the
importance of considering aspect ratio when interpreting and reporting the compressive
strength of CECs and CEBs. Implementing these factors is essential for establishing a
reliable basis for material classification, quality control, and the drafting of future building
codes for earth construction. By providing aspect ratio correction factors for unstabilised
and fibre-reinforced compressed earth composites, this research fills a gap in existing
knowledge and encourages future research into compressed earth building materials with a
reduced reliance on environmentally harmful chemical stabilisers, such as Portland Cement.
It is recommended that further tests be performed on CECs and CEBs with different aspect
ratios and mix designs to improve the accuracy and reliability of the conversion factors and
correction factors outlined in this study.

The use of small-scale CEC specimens proved advantageous in this study. The test
samples require less material and a shorter production time, allowing for more test samples
to be manufactured and tested. Further, CECs require only basic moulds such as a piece of
steel pipe and a top piston presser, eliminating the need for an expensive full-scale CEB
machine. It is for this reason that the use of cylindrical test samples and the application
of conversion factors and correction factors may be an efficient way to undertake future
investigations into the material properties and performance of CECs and CEBs. This
provides a highly affordable and accessible method for material testing in regions where
resource is limited, directly aiding in the deployment of sustainable housing solutions.
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ACS Apparent Compressive Strength
BE Kent Brick Earth
BFB(s) Bast Fibre Bundle(s)
CEB(s) Compressed Earth Block(s)
CEC(s) Compressed Earth Cylinder(s)
CT Computer Tomography
FRBE Fibre-Reinforced Kent Brick Earth
FRSS Fibre-Reinforced BS 8601 Subsoil
JY Jute Yarn
KBE Kent Brick Earth
OMC Optimum Moisture Content
SS BS 8601 Subsoil
UCS Unconfined Compressive Strength
UoP-HSB University of Portsmouth Half-Scale Block
USCS Unified Soil Classification System
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